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We demonstrate a high frequency phase-sensitive heterodyne vibrometer, operating up to 10
GHz. Using this heterodyne vibrometer, the amplitude and phase fields of the fundamental
thickness mode, the radial fundamental and the 2nd-order modes of an AlN optomechanical
microdisk resonator are mapped with a displacement sensitivity of around 0.36 pm/
√
Hz.
The simultaneous amplitude and phase measurement allows precise mode identification and
characterization. The recorded modal frequencies and profiles are consistent with numeri-
cal simulations. This vibrometer will be of great significance for the development of high
frequency mechanical devices.
Electromechanical and optomechanical resonators
have played important roles in a variety of quantum and
classical applications1–3, including ground-state cooling
of mechanical resonators4–6, strong coupling between me-
chanical oscillator and microwave/optical resonators7–9,
efficient conversion between photons at vastly differ-
ent frequencies10,11, and non-reciprocal optomechanical
devices12–14. Particularly, high frequency mechanical de-
vices above 10 GHz are desirable for advancing mechan-
ical quantum devices because they require less stringent
refrigeration conditions for reaching quantum mechanical
ground state and their frequency are matched to super-
conducting quantum circuits15. A 10 GHz mechanical
oscillator can be cooled to ground state by direct dilu-
tion refrigeration without the necessity of active cooling
techniques. Furthermore, the extension of acoustic res-
onators to microwave X-band and beyond is important
for next generation wireless communications16–19.
The characterization of vibrational modes of elec-
tro/optomechanical devices, including identification of
the vibration frequencies, profiles, mode losses and so
on, is important for validating their design, operation
and performance. Scanning optical vibrometer enable
high-resolution, non-invasive mapping of the vibration
pattern of acoustic devices20–34. It also offers complete
quadrature information rather than pure intensity re-
sponse. Optical vibrometers have proven their strength
in the researches and applications of microacoustic com-
ponents, including thin film resonators21,22,27,28,30, piezo-
electric microcantilevers25,29, silicon carbide microdisk
resonators32, surface acoustic resonators and waveg-
uides on a chip33,34. Optical pump-probe technique,
which requires high-performance pulsed laser, allows
the time-domain response of mechanical oscillators to
be measured23,28,35,36. Frequency-domain measurements
with continuous laser, as a complementary method, is
often used to characterize mechanical resonators with
high quality (Q) factors. However, the frequencies of
the vibration modes mapped by this method are lim-
ited to a few gigahertz21,22,27,30. Here we demonstrate
a scanning heterodyne vibrometer for realizing simulta-
neous absolute amplitude and phase imaging of vibra-
tion up to 10 GHz-range in an AlN microdisk resonator
with a displacement sensitivity of 0.36 pm/
√
Hz for out-
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FIG. 1. Schematic layout of the heterodyne vibrometer.
AOM: acousto-optic modulator, PBS: polarizing beam split-
ter, BS: beam splitter, DUT: device under test, Pin: dipolar
pin antenna actuator, SMF: single mode fiber, PD: photode-
tector, HPF: high-pass filter, SG: signal generator, LIA: lock-
in amplifier.
of-plane motion detection. Measurements on the fun-
damental thickness mode, the fundamental radial mode
and the 2nd-order radial modes of an AlN microdisk pro-
vide phase-sensitive modal visualization that is consistent
with our numerical simulation.
The vibrometer derives the vibration from the modu-
lated light signal by a heterodyne interoferometer. The
experimental setup is shown in Fig. 1. A similar setup
has also been realized and described in detail by Marti-
nussen et al.26, Kokkonen and Kaivola27, and Leirset et
al.31. A linearly polarized 633 nm HeNe laser is split into
two paths - the reference beam and the probe beam - by a
polarizing beam splitter (PBS). A half-wave plate (λ/2)
is used to tune the power ratio between the reference
and the probe beams. The frequency of the reference
beam is shifted from the original input laser frequency ω
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2to ω + ωref by an acousto-optic modulator (AOM). The
probe beam is focused perpendicularly onto the sample
with a microscope objective (NA = 0.55) and reflected
back to the PBS. The polarization of the reflected probe
signal is rotated by 90 degrees because of the double pass
through the λ/4 plate, which leads to the same polariza-
tion as the frequency-shifted reference light. Then the
motion-modulated probe and reference light are com-
bined with the beam splitter and sent into a photode-
tector (PD) through a single mode fiber. The fiber acts
as a confocal pinhole to increase the lateral resolution24.
The theoretical resolution limit in our setup is around
600 nm (0.5λ/NA) as described in Ref. 24.
To analyze the heterodyne signal, we consider the
sample surface vibrating sinusoidally as Z0sin(Ωt + φ)
in the z-direction (perpendicular to the surface of sam-
ple), where Z0, Ω and φ are the amplitude, angular fre-
quency and phase of the vibration, respectively. The
probe light field detected by the PD is Ep = A1cos[ωt+
φ1 + 2kZ0sin(Ωt + φ)] and the reference light field is
Eref = A2cos[(ω + ωref)t + φ2], where A1 (A2) and φ1
(φ2) denote the amplitudes and phases of the probe (ref-
erence) field, and k = 2pi/λ is the optical wavenumber.
When Z0  λ, the Ep can be expanded to the first order
of Z0 as
Ep ≈ A1cos(ωt+ φ1) +A1kZ0cos[(ω + Ω)t+ φ1 + φ)]
−A1kZ0cos[(ω − Ω)t+ φ1 − φ)] (1)
The PD response to the intensity of light field is
I(t) = α |Ep + Eref |2
≈ α{A1A2cos(ωreft+ φ2 − φ1)
+A1A2kZ0cos[(Ω− ωref)t+ φ+ φ1 − φ2)]} (2)
where α is the responsivity of the PD. Here, we have
dropped the second-order term of Z20 and also filtered
out the component oscillating at high frequency Ω+ωref.
When the lock-in amplifier (LIA) demodulates at ωref/2pi
and ωsig/2pi = (Ω − ωref)/2pi simultaneously, the ampli-
tude Rref = A1A2 (Rsig = kZ0Rref) and phase θref =
φ2 − φ1 (θsig = φ + φ1 − φ2) of the reference (signal)
component are determined. Then, the amplitude and
the phase of the surface vibration can be calculated as
Z0 =
1
k
Rsig
Rref
, φ = θsig + θref.
In our experiment, the frequency of signal ωsig/2pi
should be mixed with a signal generator (SG) to a lower
frequency that falls within the frequency operation range
of the lock-in amplifier LIA (Zurich instruments UH-
FLI), i.e., less than 600 MHz. Therefore, the detec-
tor signal from the PD (Newport, 1580-A, 12 GHz) is
split by a power splitter with one of the outputs sent
through a high-pass filter (HPF) to filter out the refer-
ence component, then mixed down to the new frequency
ω′sig = Ω − ωref − ωmix, where ωmix denotes the operat-
ing frequency of the SG. The mixer output is fed into
the LIA and demodulated at ω′sig/2pi. The amplitude of
demodulation signal is R′sig = ξRsig, where ξ is a conver-
sion factor determined by the conversion loss of mixer,
insertion loss of HPF and coaxial cables, and imbalance
of the power splitter. It should be pointed out that this
conversion factor is non-constant when we measure dif-
ferent mechanical modes in the AlN microdisk due to the
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FIG. 2. (a) SEM image of a microdisk resonator of 5.5 µm
in radius coupled with optical waveguide. The scale bar is
5µm.(b) Piezo-electric driven response of the disk transduced
by the integrated waveguide. The red stars mark the reso-
nance peaks of the fundamental and the second-order radial
modes and the fundamental thickness mode. (c) Zoom-in
spectra of the three modes at 635.4 MHz, 1665.5 MHz and
10.37 GHz. The Q factors are fitted to be 3200, 3300 and
1800, respectively. (d) The corresponding resonances mea-
sured using the heterodyne vibrometer.
frequency-dependent response of electronic components.
For the measurement at around 10.4 GHz, 1.67 GHz and
635 MHz as will be described below, ξ is around 1/4.87,
1/2.85 and 1, respectively. The signal output 1 of LIA is
set at Ω−ωmix and mixed with the SG to actuate the de-
vice using a dipolar pin antenna. The signal output 2 of
LIA is used to drive the AOM. The SG is clock-referenced
to the LIA to ensure that they are phase locked. The
device under test is placed on a linear piezo stage (Mi-
cronix PPS-20) with lateral resolution of 10 nm, which
allows two-dimensional point-by-point scanning.
Here, we focus on the noise analysis for the measure-
ment frequency around 10.4 GHz. The displacement sen-
sitivity is defined as the normalized minimum detectable
vibration amplitude A
1/2
min,total =
1
k
S
1/2
total
ξRref
, where Rref
(around 13 mV) is measured by the LIA and S
1/2
total is the
total noise. S
1/2
total includes contribution from all available
noise sources: electrical noise (noise without light input)
S
1/2
PD from the PD, shot noise S
1/2
shot due to the discrete na-
ture of photon, and the noise from other electrical parts
(including LIA, amplifier and so on). With the PD con-
nected, and with no incident light, the PD noise is mea-
sured as S
1/2
PD = 9 nV/
√
Hz, which corresponds to a mea-
surement sensitivity A
1/2
min,PD =
1
k
S
1/2
PD
ξRref
= 0.34 pm/
√
Hz.
The shot noise is given by S
1/2
shot =
1
2 ×
√
2eαPinB × G,
3where e is the elementary charge, Pin the incident laser
power on the PD, B the detection bandwidth, and G the
gain of build-in transimpedance amplifier of the PD37.
In our measurements, α = 0.22 A/W , Pin = 200 µW,
B = 1 Hz, and G = 3 V/mA. The prefactor 12 is at-
tributed to the voltage division between the 50 Ω output
impedance of the PD and the 50 Ω input impedance of
the LIA. Therefore, the resulting shot-noise limited sen-
sitivity becomes A
1/2
min,shot =
1
k
S
1/2
shot
ξRref
= 0.015 pm/
√
Hz.
The sum of electrical noise from the PD and the shot
noise (
√
Amin,PD +Amin,shot) gives a theoretical sensitiv-
ity limit of 0.34 pm/
√
Hz, which is close to our measured
value 0.36 pm/
√
Hz. The above analysis shows that the
PD noise is the dominant noise source. For the measure-
ment frequency of 1.67 GHz and 635 MHz, the sensitiv-
ity is around 0.33 pm/
√
Hz, which is consistent with the
above conclusion.
Figure 2(a) shows the SEM image of the device. A sus-
pended c-axis-oriented AlN microdisk with radius 5.5µm
and thickness 550 nm is fabricated adjacent to an opti-
cal waveguide. The radius of the supporting pedestal is
controlled to be around 100 nm. The photonic structure
is patterned using the two-step e-beam lithography and
dry etching technique38–40. We actuate the microdisk
piezoelectrically using a dipolar pin antenna and read
out the mechanical motion optically through measuring
the optical transmission signal of the optical whispering-
gallery mode (Fig. 2(a)). This procedure is described in
detail in Ref. 40. Figure 2(b) shows a broad-band driven
response spectrum. The radial modes can be distinctly
identified up to the 5th-order at 4.5 GHz and the funda-
mental thickness mode at 10.37 GHz. Zoomed-in spectra
of three modes (indicated by the red stars in Fig. 2(b))
are shown in Fig. 2(c). The quality (Q) factors measured
are fitted to be around 3200, 3300 and 1800, respectively.
Figure 2(d) shows the frequency responses obtained
by our heterodyne interferometer where the probe laser
spot is focused on the center of the microdisk and the
signal generator operating frequency ωmix is scanned
with a fixed electric excitation of around 25 dBm for
the fundamental and 2nd-order radial modes and 20
dBm for fundamental thickness mode. As shown in
Fig. 2(d), the vibrometer measurements generally agree
with optomechanically-transduced responses in Fig. 2(c).
Due to reduced out-of-plane displacement, the third-
order and above radial modes are not detected using our
heterodyne interferometer.
The demodulated two-dimensional (2D, 16 × 16 µm2)
vibration amplitude (Z0) and phase (φ) data of the fun-
damental thickness mode (10.37 GHz) are presented in
Figs. 3(a) and 3(f). The strong signal at the edge of the
microdisk is due to the multi-path interference of light
bouncing back at different sample heights. As illustrated
in Fig. 3(b), when the laser spot is fixed at this posi-
tion, the probe light field became E′p = A1cos[ωt+ φ1 +
2kZ0cos(Ωt+ φ)] +A3cos[ωt+ φ3], where the A3 and φ3
denote the amplitude and phase of the reflected probe
field by the silicon substrate. The demodulated signal
Rref of LIA is determined by the relative phase φ3 − φ1,
as well as A1 and A3. The phase depends on the struc-
tural parameters (2.2-µm-thick SiO2 buffer layer, 550-
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FIG. 3. (a) Measured amplitude distribution of the thickness
mode excited at a 10.37 GHz drive with a detection band-
width of 10 Hz. (b) The laser spot locates at the edge of
the microdisk. Due to the light diffraction, both the AlN
mirodisk and silicon substrate contribute to the reflected light.
(c) Black dots indicate the measured amplitude distribution
along the dash black line in (a). The blue line and red line
denote the calculated amplitude distribution before and after
the introduction of the measurement error at the edge of the
microdisk. (d) The simulated pattern of the thickness mode.
(e) Error-filtered amplitude image of (a). (f) Measured phase
distribution of the thickness mode. (g)-(h) The simulated am-
plitude and phase fields of the thickness mode, respectively.
(i)-(j) The simulated images after convolution with the laser
spot radius of 900 nm.
nm-thick microdisk) and A1 (A3) can be directly mea-
sured in the experiment. Such effect has also been de-
scribed in detail by Rembe and Dra¨benstedt24. As shown
by the red line in Fig. 3(c), the fitting by considering
this edge effect agrees well with the experiment results
(black dots). Figure 3(e) plots the error-filtered ampli-
tude image of Fig. 3(a). Similar analyses are performed
for the other vibration modes discussed later in this pa-
per. Figure 3(d) displays the simulated thickness mode
shape using the three-dimensional finite-element method
(COMSOL Multiphysics). For the out-of-plane motion
(perpendicular to the surface of microdisk), multi-turn
concentric rings are found in the amplitude distribution
field, while the phase field is uniform except the cen-
ter where the pillar supports the microdisk, as shown in
Figs. 3(g) and 3(h), respectively. Because of the limited
lateral resolution (around 900 nm for our setup), the spa-
tial images we detect are the convolution transformation
of the vibration fields, as shown in Figs. 3(i) and 3(j).
The convolution transformation formula is Z ′(x, y) =
0.57
∫∫
dx′dy′ ·Zsim(x′, y′) ·exp(− (x
′−x)2+(y′−y)2
r2/2 ), where
r = 900nm is the radius of the Gaussian-shape spot, Z ′ is
the expected displacement of measurement, Zsim is the
simulated displacement, and 0.57 is the normalization
factor. The simulated convolution images of amplitude
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FIG. 4. (a)-(b) Simulated displacement profiles of the funda-
mental and the second-order radial modes, respectively. (c)-
(f) The measured amplitude and phase fields of the funda-
mental radial mode in (c) and the second-order radial mode
in (e), respectively. The simulated amplitude and phase fields
of the out-of-plane motion for the fundamental mode in (d)
and the second-order radial mode in (f) , respectively.
and phase response match well the experiment results.
Figures 4(a) and 4(b) show the simulated patterns of
the fundamental and the second-order radial modes,
whose resonant frequencies are 635 MHz and 1.6 GHz, re-
spectively. The measured amplitude and phase fields are
plotted in Figs. 4(c) and 4(e) with the simulated of out-
of-plane motion shown in Figs. 4(d) and 4(f). Benefiting
from the 2D images of acoustic field distribution, espe-
cially the phase information, we can identify the observed
modes unambiguously. For both vibrational modes, the
energy of out-of-plane motion concentrates in the central
part of the mcirodisk, we can speculate that the elastic
wave leakage at the pedestal will induce significant me-
chanical loss for radial modes. Therefore, reducing the
size of the supporting pedestal can improve the Q factor
of the mechanical modes. Simulation results show that
the Q factors are proportional to σ−1.1 for the funda-
mental radial mode and σ−2.1 for the second-order radial
mode, respectively, where σ is the surface area of the
supporting pedestal.
In conclusion, we have developed a high frequency
scanning heterodyne vibrometer, which can measure the
mechanical motion up to 10 GHz. It not only produces
high-resolution amplitude distribution of the vibration
modes but also clearly maps out the phase of the vibra-
tion. This unique capability allows us to fully character-
ize the thickness mode and radial modes supported by
the AlN microdisk and make accurate comparisons with
numerical simulations. The phase-sensitive heterodyne
vibrometer demonstrated in our paper is a powerful tool
for characterizing mechanical modes in micromechanical
components, and enables better design and performance
of high frequency optomechanical and electromechanical
devices.
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